discontinuity may be produced by the local gradients caused by thermal variations alone without a need for a first-order discontinuity. Although such a possibility has long been acknowledged by the seismological community (10), it is unlikely that thermal gradients of sufficient sharpness (5) can be produced. Dynamically consistent seismic velocity gradients constrained by mineral physics data (11) are not capable of producing a triplication consistent with observations. Similarly, no triplication is produced by the seismic velocity gradients obtained from tomography inversions (18) 31 . It has been demonstrated (11) that a jump of as little as 1% in velocity may explain the observations of the shear wave DЉ triplication, provided it is accompanied by sufficiently large gradients. Here, we use a slightly higher value on the premise that tomographic inversion smears the structure so that the gradients provided by the tomography models are somewhat lower than in the real structure. 32. Adding the discontinuity and the low-velocity compensation at the base of the mantle only conserves travel times of phases that do not travel through DЉ or cross DЉ at steep angles. The imposed low-velocity zone would disturb the travel times of phases such as
ScS, especially at large (Ͼ80°) distances when the phase almost grazes the CMB. At shorter distances however, only a small portion of the path is affected by the basal low-velocity zone and so the travel time perturbation is less significant. 33. E. J. Garnero, D. V. Helmberger, S. Grand, Phys. Earth Planet. Inter. 79, 335 (1993). 34. The seismic 1D reference models for different regions were obtained in (7-9) to approximate the observed differential travel times for each particular region. 35. The normalization is required for a meaningful comparison of the relative strength of Scd phase for paths with different epicentral distances, since Scd/S increases with distance even for a constant seismic velocity structure (7-9). We obtain the distance trend by averaging Scd/S amplitude ratios for all ray paths with a given epicentral distance. 36. We thank S. Grand for access to his tomography model and T. Alteration of the Allende meteorite caused shifts in oxygen isotope ratios along a single mass fractionation line. If alteration was caused by aqueous fluid, the pattern of oxygen isotope fractionation can be explained only by flow of reactive water down a temperature gradient. Down-temperature flow of aqueous fluid within planetesimals is sufficient to explain the mineralogical and oxygen isotopic diversity among CV, CM, and CI carbonaceous chondrites and displacement of the terrestrial planets from the primordial slope 1.00 line on the oxygen three-isotope plot.
Carbonaceous chondrites comprise seven distinct groups of primitive meteorites. The groups are distinguished on the basis of mineralogy, bulk elemental concentrations, and size and proportions of constituents such as chondrules and calcium-aluminum-rich inclusions (CAIs) (1) . Each group is characterized by distinctive oxygen isotope ratios (2) . The diversity in mineralogy and oxygen isotopic compositions is spanned by the CV, CM, and CI groups (3) and has been attributed to interactions among different primordial oxygen reservoirs on distinctive parent bodies with different geological histories (4).
Here we show that reaction between rock and flowing water inside a carbonaceous chondrite parent body could have produced zones that resemble CV, CM, and CI meteorites in mineralogy and oxygen isotope ratios. Studies of the Allende CV3 carbonaceous chondrite using the ultraviolet laser microprobe show that increases in 17 (Fig. 1) are associated with alteration. The alteration is identified by localized enrichments in Fe, Cl, and Na and by growth of secondary minerals (6). Alteration occurred within several million years of chondrule and CAI formation about 4.5 billion years ago (7) and has been attributed either to reactions between vapor and solids in the early solar nebula (8) or to reactions between rock and liquid water at low temperatures within parent bodies that may have resembled some present-day asteroids (9).
The preponderance of evidence is that water had higher ⌬ 17 O values than did coexisting anhydrous silicates in the early solar system (10). Laser ablation analyses showing that altered and unaltered components fall on a single mass fractionation curve (Fig. 1) suggest that the ⌬ 17 O of the aqueous fluid (or any other reactant) responsible for the alteration was changed from its original value to the rock value by exchange of oxygen with the rock.
The exchange of oxygen between rock and a motionless aqueous fluid cannot explain the data in Fig. 1 ) the sign of ٌT must be negative. The increase in ␦ r with alteration in Allende ( Fig. 1 ) means that if the alteration occurred by reaction with liquid water, it did so in a hydrological system in which flow was from regions of higher temperature toward regions of lower temperature. Expressions such as Eq. 3 can lead to first-order constraints on the nature of fluid flow in a meteorite parent body, but they cannot capture the complexity that arises where fluid flux and temperature change with time along the flow path.
For this reason, we constructed finite difference models for the thermal, isotopic, and mineralogical evolution of a generic carbonaceous chondrite parent body composed of 20% water ice, 10% void space, and 70% silicate by volume (12). For simplicity, the silicate rock was assumed to be pure forsterite (Mg 2 SiO 4 ). Carbon was included in the calculations because the occurrence of carbonate minerals in veins constitutes clear evidence for aqueous fluid flow, and because modeling carbonate formation allows us to compare our results with well-known differences in oxygen isotope ratios between carbonates and other minerals as a means of validation.
The components required to simulate reactions between magnesian silicate, water, and carbon can be represented by MgO Al consistent with formation of the body about 3 million years after formation of CAIs found in Allende (14). The fictive parent body was allowed to heat up from a temperature of 170 K (imposed by radiative heating from the sun) by decay of 26 Al. Melting of water ice above 273 K caused down-temperature flow of liquid water. Liquid was permitted to pass through rock below 273 K to simulate percolation of unfrozen water (15). The driving force for the down-temperature flow in a microgravity environment ( g ϭ 0.01 N/kg in this case) would likely be dominated by capillary action rather than by body forces at temperatures below the boiling point (16) . We made no attempt to model the driving force in detail. Instead we allowed the vapor pressure of H 2 O relative to the vacuum of space to drive the flow. The maximum water flux in the present model is a factor of 10 less than maximum cometary water fluxes at 1 astronomical unit (17) . Mineralogical and isotopic reactions between the flowing liquid water and the rock were kinetically controlled (12).
We assumed that all condensed oxygen in the early solar nebula lay on the primordial slope 1.00 array on an oxygen three-isotope plot (18 (19) .
The initial CO 2 concentration of the water ice melt is constrained by forward progress of the reaction in Eq. 4. The reaction proceeds from left to right when the mole fraction of CO 2 in the fluid is greater than the equilibrium value at the appropriate conditions in the model chemical system (the equilibrium value is Ͻ1 ϫ 10 Ϫ4 in this case). The rate of reaction was maximized by using a CO 2 mole fraction of 0.2 in the calculations presented here. The precise starting value for CO 2 concentration is not crucial for what follows as long as it is greater than the equilibrium value.
Flow of reactive aqueous fluid through the fictive parent body produces two mineralogically distinctive zones (Fig. 2) . Toward the center of the body, upstream in the radial flow system, conversion of anhydrous silicate to hydrous silicate and carbonate is extensive. Downstream toward the outer surface, there is little or no alteration. The two regions are separated by a sharp discontinuity, or front, and by a zone of maximum alteration adjacent to the front (Fig. 2) . Formation of zones separated by a front and an alteration maximum were found to be salient features of the solutions regardless of the exact values for initial 26 Al/ 27 Al, porosity, and ice content.
Carbonate and hydrous minerals constitute Ͻ10% molar of the rocks even in the most highly altered zone adjacent to the reaction front in Fig. 2 . The values for mole percent alteration shown in Fig. 2 are averages for each model volume element. In real bodies, heterogeneous flow of fluid could have concentrated the Ͻ10% alteration into discrete, highly altered areas separated by alteration-free areas. Percentages of alteration minerals are in any case restricted by the finite supply of moving water when the volume of ice is comparable to the volume of pore space available in carbonaceous chondrites (20) . The implication is that CI carbonaceous chondrites composed primarily of phyllosilicates, oxides, and carbonates must represent localized zones of aqueous alteration on the CI parent body (or bodies) and that such alteration was concentrated near the center of the body rather than near its surface.
The spatial pattern of isotopic alteration Model forsterites come from the outer 8 km of the body and make up more than 99% of the minerals by volume in this largely unaltered region. Mineral compositions were sampled at 500-m intervals from the respective zones. The fluid mass fractionation curve is shown in gray. The Allende mass fractionation curve (which is also the model rock fractionation curve), the terrestrial mass fractionation curve, and the slope 1.00 line are in black. CI magnetites are consistent with the initial water ice used in the model (right-hand black star). mimics the mineralogical pattern (Fig. 2) . Minerals upstream of the alteration front in the interior of the model body have ⌬ 17 O approaching that of the original water ice, because the capacity of the rock to exchange oxygen isotopes with the fluid has been exhausted. Minerals downstream in the outer portion of the body retain the ⌬ 17 O of the original rock.
The finite difference calculations confirm the first-order predictions from Eq. 3. Downstream of the alteration front in the outer part of the fictive parent body, where ٌT is negative and fluid flux is persistent (radii Ͼ17 km, Fig.  2 ), the range of anhydrous mineral oxygen isotope ratios caused by exchange with water is analogous to the data for Allende (Fig. 3) . The small volumes of new phyllosilicate and carbonate minerals (Ͻ1% by volume) produced in the outer portion of the body have isotopic compositions that are also on the rock mass fractionation curve and have ␦
18
O values ranging up to 40 per mil (not shown in Fig. 3) .
Upstream of the front within the interior of the model body (radii Ͻ17 km), hydrous silicates and carbonates are abundant in comparison to the small amounts of these minerals produced nearer to the surface. The ␦
O and ␦

18
O values of these new minerals approach the mass fractionation curve defined by water ice (Fig. 3) . Forsterite is also driven toward the fluid ⌬
17
O in this region (not shown in Fig. 3 ) but does not experience the shifts toward higher ␦
18
O values along slope-1/2 lines as is the case downstream, because ٌT is small here. The pattern of oxygen isotope variability within the interior of our model parent body (radii Ͻ17 km) is similar to that defined by mineral separates from the Murchison CM and Orgueil CI carbonaceous chondrites (Fig. 3) . Figure 3 shows that the mineralogical and oxygen isotopic variability among the CV, CM, and CI groups of carbonaceous chondrites can be explained by a single process of fluid-rock reaction in parent bodies. This result is relatively insensitive to the initial isotopic value of the water ice (21) . All that is required is one uniform oxygen reservoir for the bulk rock (⌬ 17 O ϳ Ϫ3 per mil) and one uniform reservoir for the aqueous fluid (⌬ 17 O Ն 0.5 per mil). Fluid-rock reactions within planetesimals may have been an important process before the final assembly of planets in the solar system. The loss of isotopically light oxygen from rock resulting from exchange with escaping water would have led to an increase in planetesimal ␦
17
O and ␦
18
O values (Fig. 4) . In the model presented here, 25% of the water ice is lost from the body. The increase in rock ␦
O is about 3 per mil, and the attendant increase in ␦
17
O results in a slight increase in ⌬
O of several tenths per mil. Subtraction of comparable effects from the bulk oxygen isotopic compositions of Earth and Mars (the martian meteorites) places the oxygen composition of progenitor planetesimals for the terrestrial planets on or near the slope 1.00 array (Fig. 4) 
where t is time, T is temperature, is thermal diffusivity, r is radial distance, Q is heat production, is porosity ϩ ice fraction, and C is specific heat. 17 O production by reaction with minerals, and R melt is the rate of production due to melting ice. We used the kinetic expression R rxn ϭ L [(␤/␣)C s Ϫ C f ] for the rate of 17 O or 18 O production by fluid-rock exchange, where C s is the concentration in the solid, L is the phenomenological rate constant (1 ϫ 10 Ϫ9 s Ϫ1 for the model presented here), ␤ is the ratio of moles of O per volume fluid to moles of O per volume bulk solid, and ␣ is the solid-fluid isotope fractionation factor. For the rate of isotopic production due to ice melting, we used R melt ϭ C ice k (RT)/ (P eq V ), where R is the ideal gas constant, P eq is the equilibrium vapor pressure of H 2 O, V is the molar volume of water vapor, and k is a rate constant reflecting the thermal properties of ice (10 Ϫ15 s Ϫ1 in the present calculations). Isotopic concentrations for individual minerals were obtained from the bulk by satisfying equilibrium mass fractionation and mass balance among the solid phases. Humic substances (HSs) are the natural organic polyelectrolytes formed from the biochemical weathering of plant and animal remains. Their macromolecular structure and chemistry determine their role in biogeochemical processes. In situ spectromicroscopic evidence showed that the HS macromolecular structures (size and shape) vary as a function of HS origin (soil versus fluvial), solution chemistry, and the associated mineralogy. The HSs do not simply form coils in acidic or strong electrolyte solutions and elongated structures in dilute alkaline solutions. The macromolecular structural changes of HSs are likely to modify contaminant solubility, biotransformation, and the carbon cycle in soils and sediments.
Aqueous humic substances (HSs) exist primarily as soluble ions at low concentration and form colloids and precipitates at high concentration and when they react with cations and protons (1, 2) . These changes can alter the HS macromolecular structures and subsequently affect the chemistry of HS coatings on mineral and colloid surfaces, the stability of organomineral aggregates, and the retention of pollutants and C in soils and sediments (3) (4) (5) . Hence, direct information on the magnitude of changes in HS macromolecular structures, as a function of solution and substrate mineral chemistry, and their origin is critical for understanding the geochemical reactions mediated by natural organic molecules (6).
To test the influence of these parameters on natural organic molecule configuration, we conducted experiments on humic and fulvic acids isolated from river water (Suwannee River, Georgia), peat (Belle Glade, Florida), and soil (Mollic Epipedon, Illinois) samples. Fulvic and humic acid samples were the HS fractions isolated at alkaline and acidic pH, respectively, by the International Humic Substance Society and have been previously characterized (7, 8 ). The solution compositions tested were pH (2 to 12, adjusted with HCl or NaOH), ionic strength (0.01 to 2 M NaCl or 0.01 to 2 M CaCl 2 ), HS concentration (0.03 to 10 g of C liter ). The influence of substrate mineralogy was examined for goethite (␣-FeOOH), calcite (CaCO 3 ), and clays (kaolinite and montmorillonite), which are common to several soils and sediments (9). To correlate the macromolecular structures of isolated HSs with those of undisturbed natural samples, we also examined soil organic molecules in their pristine stage (organic molecules not extracted from surrounding soil matrix) for an Ultisol (Aquic Tropohumult, Puerto Rico) and an Alfisol (Kesterson Reservoir, California). These soils formed under contrasting chemical conditions with pH values of 5 and 8.0, respectively, and an organic C concentration of 1.5 and 0.3%, respectively. The macromolecular structures of HSs under these chemical conditions were examined directly at the high-resolution spectromicroscopy facility at the Advanced Light Source [Lawrence Berkeley National Laboratory (LBNL)] (10). The sample images were collected at the following x-ray photon energies: in the water window (516.6 eV) and at the Fe L (697 and 706 eV) and Cu L (933 and 936 eV) absorption edges. The contrast in images collected at the water window is dominated by the mass absorption of C and N atoms in the sample and helps in the determination of HS macromolecular structures. The images at the Fe and Cu edges, together with those obtained at the water window, are useful for examining cation and mineral association with HSs.
We examined the Suwannee River fulvic acid isolates with an x-ray microscope and found that they did not exhibit any measurable structures below a HS concentration of 1.0 g of C liter
Ϫ1
. As the concentration was increased above 1.3 g of C liter
, HSs formed aggregates of different shapes and sizes (Fig. 1) . In dilute, acidic, high-ionic-strength NaCl solutions, HSs predominantly formed globular aggregates and ringlike structures (Fig. 1A) . As the fulvic acid concentration was increased, large sheetlike structures also formed and enclosed these smaller structures. Visible coiling was uncommon, and the HSs dispersed completely into aggregates of small size (Ͻ0.1 m) in solutions of pH Ͼ 8.0 (Fig. 1B) . Although the addition of 1 M NaCl did not favor coiling under these alkaline conditions, concentrated HS solutions formed globular aggregates bound together with thin films of HSs. Additions of diand trivalent cations to HS solutions promoted their precipitation at low C concentration and displayed macromolecular structures different from those formed in the presence of monovalent ions. In dilute fulvic acid solutions of Ca , the fulvic acids formed thin thread-and netlike structures (Fig. 1, C and D) . As the fulvic acid and cation concentrations increased, these structures grew larger and formed rings and sheets (see Web fig. 1 , available at www.sciencemag.org/feature/data/ 1043547.shl).
